Sand fiddler crabs, Uca pugilator, from North Carolina (NC) are two-times smaller than ones from Florida (FL). A water balance study was conducted to examine this size difference in relation to possible changes in habitat suitability. Like most crabs, U. pugilator are classified as hydrophilic, which is consistent with their preference for humid environments. In contrast to the North Carolina population, U. pugilator-FL loses water less rapidly and has higher percentage body water content, a water balance strategy that emphasizes retention. Conversely, the amount of body water required is less for U. pugilator-NC, enabling it to maintain water balance despite having a higher water loss rate. Both tolerated only about 1/4 loss of body water before succumbing to desiccation. Neither experienced a critical transition temperature, CTT. We concluded that water balance profiles of these two populations are complementary, representing trade-offs that permit survival in a moisture-rich habitat. Lower body water content, however, overlaps with features of arthropods that thrive at low temperature, suggesting that U. pugilator-NC may be more cold tolerant.
INTRODUCTION
Availability of water puts critical restrictions on the distribution and spread of arthropods into new geographic regions (Wharton, 1985; Hadley, 1994) . One of the most distinctive characteristics is water loss rate because it matches moisture requirements necessary for life in a particular environment (Hadley, 1994) . Low water loss rates usually coincide with species that are dry-adapted (xerophilic), and therefore, modified for water conservation, while high water loss rates are indicative of species that are more hydrophilic. Typically, these hydrophilic species are differentially-adapted for moisture-rich conditions, most likely as a means to prevent over-hydration. Water requirements are also determined by the amount of body water that is needed to function properly, which serves as a useful secondary characteristic. Species with high percentage body water content require a moisture-rich environment to remain viable, while those adapted for a dry environment typically have low percentage body water content, usually in connection with increased fat reserves (Danks, 2000) . Heightened desiccation resistance of xerophilic species may result from an enhanced ability to tolerate losses of body water, while the moisture-rich environments inhabited by hydrophilic species fail to necessitate evolution of desiccationhardiness or an enhanced capacity to tolerate dehydration (Hadley, 1994) . As such, water balance profile is highly species-specific.
Sand fiddler crabs, Uca pugilator (Bosc, 1802) , are capable of occupying a range of temperatures and tropical habitats as outlined by their coastal distribution that extends from the Gulf Coast region of the United States and continues northward along the Atlantic. Sand fiddler crabs are unique among ocypodid crabs, as they are semiterrestrial and inhabit intertidal sandflats and salt marshes (Crane, 1975) . Throughout most of the day these crabs reside within cool, humid burrows in the higher intertidal zones that provide a highly sheltered stable microhabitat, presumably satisfying their absolute moisture requirement and consistent preference for a humid environment (Harris and Kormanik, 1981; Yoder et al., 2005b) . During low tide, these crabs emerge from their burrows to feed on exposed watersaturated surface sediment (Reinsel and Rittschof, 1995; Viscido and Wethey, 2002) , which helps to replenish body water loss.
The focus of this study was on two separate populations of U. pugilator that display an obvious difference in body size: a large-sized crab from Florida and a smaller-sized crab from North Carolina (Fig. 1) . Comparative microscopic observations of 10 crabs per sex per population (total N ¼ 20/population) showed characteristics that are diagnostic for U. pugilator according to Crane (1975) . In particular, there is a ridge on the pollex but not on the palm; the carapace is smooth in males and granulate in females; and on the second maxilliped more than 100 hairs can be counted (handedness of major cheliped is not a character). Because members of these Florida and North Carolina populations are the same species, we would predict that water relations between them should be similar, excluding the difference in body size and surface area to volume properties.
MATERIALS AND METHODS

Crabs and Test Conditions
Uca pugilator were field-collected during low tide, March, 2006. They were maintained in 66 L plastic containers with a 10 cm sand slope at one end and 2 cm 35 ppt artificial seawater (tested and adjusted weekly) covering the bottom. Crabs were fed daily with Standard Mix flake food (TetraMin, Blacksburg, Virginia). All crabs were examined for a complete set of legs, regular ambulatory activity, and appeared in healthy condition; specimens were used for experiments within 2 weeks of collection. The North Carolina population was represented by crabs that were collected from Beaufort, North Carolina (348N and 768W) and crabs representing the Florida population were collected from Panacea, Florida (308N and 848W), separated by a distance of approximately 1100 km.
Environmental cabinets were used to control temperature (6 0.58C) and photoperiod (14 h:10 h, L:D). Sealed glass desiccators (2000 cc, l 3 w 3 h) filled with calcium sulfate (CaSO 4 ) in the base to generate a relative humidity of 0% RH (Toolson, 1978) under still air conditions were used as experimental chambers. Relative humidities of 33% RH (MgCl 2 ) and 93% RH (KNO 3 ) were controlled by using saturated salt solutions containing an excess of solid salt (Winston and Bates, 1960) . Relative humidity was measured with a hygrometer (6 0.5% RH SD; Thomas Scientific, Philadelphia, PA) and relative humidity varied less than 1% during the course of the experiment. Crabs were placed onto a perforated porcelain plate that was placed into the desiccator to prevent them from making contact with the calcium sulfate and were separated from each other using wire mesh partitions. Mass changes were measured using an electrobalance (CAHN 25, Ventron Co.; Cerritos, California) with a precision of 0.2 lg SD and accuracy of 6 6 lg at 1 mg. Each crab was weighed and monitored individually. No anesthesia or enclosures were used. Crabs were permitted to crawl onto the weighing pan of the balance, weighed, and then returned to test conditions within 1 min.
Experimentation
Determination of water balance characteristics follows methods and equations of Wharton (1985) with modifications by Arlian and Ekstrand (1975) , Toolson (1978) , Gibbs (2002) , Yoder et al. (2005a and b) , and Benoit et al. (2005) and were interpreted based on Hadley (1994) . Temperature of 258C was used for basic observations to permit comparison with other water balance literature.
Pretreatment of the crabs was carried out prior to use in experiments so that mass changes represent changes in body water levels and water movement represents a standardized water flux. First, crabs were physiologically synchronized by placing them at 93% RH for 12 h in the absence of food and free water to rule out effects of ingestion, defecation, reproduction and excretion on mass changes. This was followed by transferring the crabs to 33% RH and monitoring until 4-6% body mass was lost to remove passively-adsorbed water from the surface of the cuticle; thus, the water measured represents water that is internal. In experiments involving killed crabs, the crabs were placed at À708C for 10 h and thawed to room temperature before transfer to 33% RH. At the conclusion of each experiment, a dry mass was determined by placing crabs into a drying oven (0% RH) at 908C for 1 week (crabs were dead) followed by three consecutive daily mass measurements to be certain that the mass remained constant.
To determine percentage body water content, crabs were weighed to obtain fresh (or initial) mass (f), and then dried in an oven to obtain the dry mass (d). The amount of water in the crab (m, water mass) was determined by subtracting the dry mass from the fresh mass and was expressed as a percentage of fresh mass (Equation 1):
Eq: 1 percentage body water content ¼ 100 ð f À dÞ=f :
To determine dehydration tolerance limit, crabs were weighed and placed at 0% RH and 308C. Crabs were removed for reweighing every 30 min and simultaneously tested for their ability to right themselves and crawl 10 body lengths. Unresponsive crabs were weighed and subsequently dried to obtain their dry mass (d). The mass measurement that corresponded to the point where the crab was unable to complete these behavioral tasks was defined as the critical mass (m C ) after subtracting the dry mass (d). The change in mass from initial mass (m 0 , water mass at beginning time 0) to critical mass (m C ) was determined by calculating a percentage change in mass (Equation 2), which was taken as the dehydration tolerance limit:
Eq: 2 percentage change in mass ¼ 100 ðm C À m 0 Þ=m 0 :
To determine water loss rate (integumental plus respiratory water loss), crabs were weighed, placed at 0% RH and 258C, and reweighed every 2 h for a total of five consecutive mass readings. The relative humidity of 0% RH is used to determine water loss rate because at these conditions, water loss fits an exponential function and no water is available in the surrounding test air for adsorption. Thus, mass changes are attributed solely to loss; i.e., there is no interference of passively-adsorbed surface water on mass measurements. After taking the final mass measurement, crabs were dried to To determine the critical transition temperature (CTT), water loss rates were determined according to equation 3 at 0% RH except killed crabs were used and the temperature was varied from 48C-608C. Use of killed crabs allowed us to examine only the restrictive properties of the cuticle (i.e., cuticular permeability) by eliminating respiratory artifacts. Thus, water loss rates in these analyses are passive and represent integumental water loss without the respiratory component. Crabs were weighed, placed at 0% RH and a particular temperature, and reweighed. In all cases, water loss rate was based on five successive mass measurements but involved use of differently timed weighing intervals, particularly at higher temperatures when water loss rate is more rapid. Change in activation energy (E a ) denoting a CTT corresponds to a change in the amount of energy needed to cross the cuticle, presumably due to a temperature-induced phase change in cuticular lipids, resulting in an abrupt increase in water loss. This was assessed by a plot of water loss rate versus reciprocal absolute temperature (Arrhenius analysis) where the slope corresponds to E a /R, k is the rate of passive water loss, R is the gas constant, T is absolute temperature, and A is the frequency factor (Equation 4):
Data are presented as mean 6 SE and represent a total sample size of 25 crabs for each sex and for each individual water balance characteristic. We emphasize that crabs were chosen randomly from the population for use in the experiment and that the same 25 crabs were not used throughout for all determinations. In conformation with standard practice (Benoit et al., 2005) , an analysis of variance (ANOVA) was used to compare data. Percentages were arcsin-transformed prior to analysis and Sokal and Rohlf's (1995) test for the equality of slopes was used to analyze characteristics derived from regression lines.
RESULTS
Water Content
Crabs from the Florida population were twice as large as their North Carolina counterparts. Size range of crabs were 1.64 g-2.21 g for females (N ¼ 58) and 2.86 g-3.59 g (N ¼ 64) for males from the Florida population and 0.78g-0.96g for females (N ¼ 67) and 1.18 g-1.67 g for males (N ¼ 72) from the North Carolina population. In both populations, males were consistently larger than the females, as indicated by initial, dry and water mass values (ANOVA; P , 0.05; Table 1 ). Within a cohort, the dry mass was a positive correlate of the water mass (R ! 0.96 for Florida females; R ! 0.97 for Florida males; R ! 0.95 for North Carolina females and R ! 0.96 for North Carolina males; ANOVA; P , 0.001) and crabs displayed similarities in size, shape, and water content. When water mass was expressed as a proportion of initial mass, no differences were noted between sexes with regard to percentage body water content (ANOVA; P . 0.05); this was also indicated by similarities in water mass to dry mass ratios (Table 1) . Crabs from Florida, however, had a higher percentage body water content (averaging 6% increase) than crabs from North Carolina (ANOVA; P , 0.05), which is reflected by a lower water mass to dry mass ratios approximating 2.0, rather than 3.0 reported in crabs from Florida (Table 1) . We conclude that despite being larger in body size crabs from Florida have a smaller proportion of dry mass than crabs from North Carolina.
Water Loss Male crabs from North Carolina lost water at a faster rate (combined integumental and respiratory loss) than males from Florida ( Fig. 2 ; Table 1; ANOVA; P , 0.05). Females displayed a similar trend with the population from North Carolina expressing the faster water loss rate. Within a population, female crabs lost water faster than males (Table 1; ANOVA; P , 0.05). In all cases, ln dry mass was a positive correlate of ln water loss rate (R ! 0.96; ANOVA; P , 0.001), indicating that there is a strong size-rate relationship. Similar amounts of water were lost before crabs became Water loss m C (g) 0.72 6 0.03 0.41 6 0.05 1.70 6 0.05 1.11 6 0.07 Tolerance (%) 24.2 6 0.6 25.5 6 0.9 25.1 6 0.8 23.5 6 0.7 WLR (%h) 1.39 6 0.06 1.78 6 0.08 0.95 6 0.07 1.13 6 0.06 CTT None None None None Fig. 2 . Water loss for live adult males of Uca pugilator in dry, still air conditions of 0% RH and 258C for Florida (FL) and North Carolina (NC) populations. The water loss rate (integumental plus respiratory water loss) was calculated from the slope of the regression line through the points on the plot. m t , water mass at any time t; m 0 , initial water mass. Points represent the mean of 25 crabs each and error bars lie within the confines of symbols used on the graph (SE 0.003).
unresponsive, averaging 24% loss of body water content upon reaching their critical mass (Table 1; ANOVA; P . 0.05). After reaching critical mass, attempts to rescue these crabs by providing them access to moist sand, moist food and droplets of artificial seawater were futile and resulted in no survivors, indicating that irreversible dehydration had been reached. Thus, crabs from Florida have a lower surface area to volume ratio and retain water more effectively than the crabs from North Carolina. Passive water loss rates from killed specimens (integumental loss only) showed that male crabs from North Carolina lost larger amounts of water than crabs from Florida ( Fig. 3; ANOVA; P , 0.05) . Evidence from Arrhenius analysis indicates that the crabs lost proportionate amounts of water with increasing temperature, displaying a typical pattern of water loss that is representative of a standard Boltzmann temperature function (R . 0.99; ANOVA; P , 0.001). Over a broad range of temperature (48C-608C), the slope is continuous (single component curve) through the Arrhenius plot for both North Carolina and Florida populations, and no abrupt water loss increase disrupted the slope, indicating the activation energy does not change. Thus, no particular temperature marks a threshold where water loss increases dramatically, indicating that no critical transition temperature (CTT) is present. The change that takes place is linked to the frequency, steric factor A (y-intercept), which shows that evaporative losses of males crabs from North Carolina are higher than those from the Florida population, i.e., the temperature-rate relationship for male U. pugilator-NC is shifted up the ordinate. Similarly, no CTT was detected in female crabs from either population (Table 1 ). Our conclusion is that although crabs from North Carolina are more permeable, they are as resistant to temperature-induced desiccation stress as the crabs from Florida.
DISCUSSION
Uca pugilator is classified as hydrophilic with regard to water balance (Yoder et al., 2005b) , as characterized by a high permeability to water. This classification matches their preference for warm, humid environments, which enables them to achieve water balance. Indeed, a high water loss rate is a general characteristic of crabs, in particular semiterrestrial species (Harris and Kormanik, 1981; Hadley, 1994; Thurman, 1998) . Water balance in U. pugilator is likely solved behaviorally by forming huge herds while foraging on water-saturated surface sediment during low tide (Reinsel and Rittschof, 1995) and seeking out cool, moist reprieves in burrows, having a high relative humidity near saturation (Harris and Kormanik, 1981) . Furthermore, large body water losses from respiration and through the integument are balanced by feeding on moist food and imbibing sand capillary water (Thompson et al., 1989; Hadley, 1994; Yoder et al., 2005b) .
Tolerance for losing only about 1/4 of body water in U. pugilator before succumbing to desiccation stress appears to be a common level in crabs, as most crustaceans have a 25-30% hemolymph volume (Harris and Kormanik, 1981; Thurman, 1998; Yoder et al., 2005b) . This dehydration tolerance limit falls within the 20-30% range of dehydration tolerance limits reported for most arthropods (Hadley, 1994) . No differences were observed with regard to this characteristic for U. pugilator-NC compared to U. pugilator-FL, suggesting that body size has little impact on imparting dehydration tolerance properties. Also shown in this study is that U. pugilator does not have a critical transition temperature (CTT); that is, rate of water loss increases steadily with increasing temperature. Significance of the CTT is controversial (Wharton, 1985; Hadley, 1994; Gibbs, 2002; Yoder et al., 2005a) and is poorly studied in crabs. In fact, not all arthropods have a CTT. Lack of a CTT in U. pugilator safeguards them from experiencing a sharp, rapid lethal water loss as the temperature rises.
Percentage body water content and water loss rate are the water balance characteristics that distinguish U. pugilator-NC from the population of U. pugilator-FL. There is also the pronounced two-fold difference in body size with the Florida population of U. pugilator being much larger. The fact that the smaller-sized U. pugilator-NC have a lower percentage body water content than the U. pugilator-FL indicates that the population from North Carolina requires less body water to function than the population from Florida. This is attributed to a higher quantity of storage fat (¼ dry mass; Hadley, 1994) in the North Carolina group. The lower water loss rate, favored by their larger body size, enables crabs from Florida to effectively retain the high percentage body water content they need to function properly.
A moisture-rich environment consistent with the hydrophilic nature of U. pugilator remains a requirement for both North Carolina and Florida populations. The indicators of this necessity for moisture in U. pugilator (modified from Hadley, 1994) are the high percentage body water reported for crabs from the Florida population and the high water loss rate expressed in the North Carolina population. Low percentage body water content and low water loss rate for North Carolina and Florida U. pugilator populations, respectively, are simply adjustments made to the water balance profile for survival and ability to thrive in a similar moisture-rich environment. The element of body size is certainly a factor to these adjustments; however, an explanation for why U. pugilator-NC is dramatically smaller in body size than their Florida counterparts remains puzzling. Most likely, the smaller body size may be attributed to cold temperatures that limit growth. Indeed, in many arthropods a low percentage body water content is typically associated with cold-hardiness (Lee and Denlinger, 1991; Danks, 2000) , suggesting that the ability of U. pugilator to thrive in North Carolina may be linked to attributes of cold tolerance.
